Introduction

General concepts
The adsorption at solid-liquid interfaces is important in technological processes and products such as corrosion, catalysis, nanoparticle ultracapacitors, molecular sieves, and semiconductor manufacturing [1] . In addition, the adsorption of surfactants at the solid-liquid interfaces is an important topic in numerous processes ranging from mineral beneficiation to detergency, including such applications as wastewater treatment and soil remediation, dispersion stabilisation in ceramics and enhanced oil recovery [2, 3] .
In the literature has been reported numerous experimental studies on the solid-liquid separation of pollutants (ions and organic molecules). These studies have been preferentially performed in the laboratory with batch reactors because its easy operation and lower cost compared with column reactors. Unfortunately, numerous authors still report their experimental results in a raw form (i.e. without fitting of data) or they systematically apply the classical models (e.g.. Langmuir, Freundlich, Redlich-Peterson, Brunauer-Emmett-Teller, and others) in order to fit their experimental data. But, they frequently negligee the importance of kinetic data. For this reason, the major objective of this study was to propose a simplified experimental-theoretical method to estimate the kinetic and thermodynamic parameters on the solid-liquid separation of pollutants by using the kinetics studies with batch reactors, i.e. the removed quantity of dissolved ions as a function of time at different initial concentrations. This method was applied to the removal of uranyl ions (UO 2 ) 2+ from aqueous solutions onto synthetic manganese oxide (hexagonal birnessite). Pseudo-second-order kinetics and one site saturation models are proposed to fit the experimental and calculated data at low dissolved U(VI) concentration. For this case, the fitting parameters can be estimated by a non-linear regression, using least-squares method.
General description of manganese oxides
Birnessite, and its related hydrated form (buserite) are the most common layered Mn oxides in natural environments [4] . Because of their microcristallinity (resulting to high specific surface area), surface charge, high cation-exchange capacity and redox properties, these minerals are known to have unusally high scavenging capacities for heavy metals (e.g.
Co, Zn, Pb [5] [6] [7] [8] ). The affinity of radionuclides (U, Th, Ra, Pu) for Mn-oxides has also been widely reported at every stage of radionuclide transport on earth [9] [10] [11] [12] [13] . The presence of extremly small amount of Mn oxides (as low as 0.5% for instance [12] ) might be adequate to control the distribution of heavy metals and radionuclides between soil or sediment and aqueous systems. Yet, most of studies on the interactions between these minerals and radionuclides occuring in natural systems remained global, and very few detailled works have been realized.
The cristalline stucture of buserite and its conversion to birnessite was extensively studied [6, [14] [15] [16] [17] [18] [19] [20] [21] . These studies have established that Na-rich buserite (at high pH) consists of successive layers of Mn octaedra with a periodicity of 10 Å along the c axis and exchangeable cations and two layers of H 2 and Mn 2+ cations ( Fig. 1 ). Because the conversion of monoclinic to hexagonal birnessite is occuring at pH around 7, both types can be present in natural soils, each of them having different reactive surface proprieties. Distinction between these two forms in natural samples using conventional analytical techniques is usually difficult because of the defective, poorly crystallized structure of Mn soil minerals. However some recent studies using powerful X-Ray techniques succeded to demonstrate that hexagonal birnessite is the one involved in the sequestration of several heavy metals in soils [17, 22, 23] .
Materials and Methods
Synthetic Na-rich buserite (Na 0.3 Mn III,IV O 2 ) was prepared by oxidation process at high pH following the protocol described by Giovanoli et al. [24] . Immediately after the end of the oxidation, the crystals were kept in solution and aged at 120°C for 48h, yielding to highly ordering crystals. The aged product was centrifuged and the supernatant discarded. The solid was then repeatedly washed by centrifugation and re-dispersion in deionized water about 15
times. The resulting material was stored in suspension at 4°C. Powder X-Ray diffraction on solid (oven-dried at 60°C) confirms the purity of the synthesized Na-buserite, and shows the diagnostic peaks (202 and 203 reflections at 2.03 and 1.71 Å respectively) of hexagonal birnessite after equilibration to low pH [8, 17, 19] . A specific surface area of 11 m²/g was measured by the BET-N 2 method.
Preparation of hexagonal birnessite by equilibration of Na-buserite to low pH was performed following a protocol similar to Silvester et al. [18] . In a batch reactor the appropriate amount of buserite suspension (corresponding to 1g of solid) was suspended in 300ml of an ionic medium of 0.1M NaClO 4 (previously boiled and bubbled with Ar gas). The suspension was continuously maintained in a Ar atmosphere to exclude CO 2 and stirred at a constant rate of 200 rpm . The initial pH of this suspension was equal to ~9.5. The suspension was equilibrated to pH 4 with an automatic titrator, by addition of HCl 0.1M (about 30 ml of 0.1M acid was necessary to reach equilibrium, achieved within less than 12 hours). This pH was choosen to be in the range of hexagonal birnessite stability (< 7) and above the pH of zero point of charge pH zpc of the mineral (expected to be in the same range than δ-MnO 2 i.e: 2-3 [25] considering the analogy between both minerals). An appropriate amount of U VI (in acidic solution) was then added to the suspension, the pH being readjusted to 4 by adding appropriate amount of NaOH. Amount of added U VI was precisely weighted to get initial concentrations ranging from 0.2 to 11.8 µM. The evolution of the dissolved U VI concentration was monitored by sampling the solution at various times. The experiments were performed at room temperature. Few cm 3 of the suspension were withdrawn and filtred through a 0.45µm
Teflon filter. Adsorption on the filter and the filter-holder was determined to be negligible.
The filtred solution was immediately acidified, and further diluted for measurements of U VI by Inductively Coupled Plasma Mass Spectrometry (Fisons VG-Plasma Quad ICP-MS). The experiments were maintained several days but equilibrium was achieved within 20 hours.
Results and discussion
The removed quantity of Uranyl ion (UO 2 ) 2+
Calculation of aqueous U speciation was performed using the MINTEQA2 3.11 code [26] . Thermodynamic data for aqueous uranyl species and solubility constants of U-bearing solid phases were adjusted to be consistent with the NEA database [27] . The formation constant of UO 2 (OH) 2 [28] and solubility constant of "amorphous" schoepite from Torrero et al. [29] were also added to the database. Calculation of U speciation shows that more than 96% of the U VI occur as uranyl ions (UO 2
2+
) in the experimental suspensions over the entire range of U concentration. All the U-bearing solid phases in the database of MINTEQA2, were undersaturated in these solutions.
The removed quantity of uranyl ions on the dispersed particles of manganese oxide as a function of time can be calculated using the following formula:
where C 0 represents the initial concentration of uranyl ion [µmol/L]; C t represents the concentration of uranyl ion at a t instant time [µmol/L]; V represents the volume of the aqueous solution [L]; and m represents the mass of synthetic manganese oxide [g].
The experimental kinetic curves concerning the removal of uranyl ion from aqueous solution onto synthetic manganese oxide are shown in Figure 2 . Theses curves show clearly that the removed quantity of uranyl ion increases with an increase in the initial concentration due to a high physicochemical affinity between solid-particles of manganese oxide and uranyl ions.
Fitting of kinetic curves
Several kinetic models including first-order, pseudo-first-order, second-order, pseudo-secondorder, parabolic diffusion and power function kinetic expression are reported in the literature in order to fit the kinetic experimental data of a solid-liquid separation process. For our study, the best fit (attested by a correlation factor close to 1) of the experimental data was achieved when using a pseudo-second-order kinetic model, following ,
where k r is the rate constant of removal uranyl ion [g/µmol min] for a given uranyl concentration, q r,max is the maximal removed quantity of uranyl or removed quantity of uranyl at equilibrium [µmol/g], q r,t is the removed quantity of uranyl at any time, t, [µmol/g].
The integrated form of equation (2) for the boundary conditions t = 0 to t = t and q r,t = 0 to q r,t = q r,t , is represented by a hyperbolic equation:
In order to simplify the experimental data fitting a novel constant can be defined "(1/k r q r,max ) = t 1/2 ". Physically this novel constant represents the time to which the half of the maximal removed quantity of uranyl was reached. In the current study t 1/2 is called "half-removal time"
and it allows to calculate the initial rate of uranyl-ion removal by using the following expression:
The fitting of experimental kinetic curves (q r,t vs. t) by using the Equation 3 is showed in the Figure 3 . The parameters t 1/2 and q r,max were estimated by applying a nonlinear regression by least squares method performed with SigmaPlot software (see Table 1 ).
In the other hand, the initial rate of the uranyl removal v 0 , and the maximal removed quantity of uranyl q r,max , are a function of, for example, the initial concentration of uranyl, the temperature, the dose and nature of solid-particles (of manganese oxide), pH of solution, etc.
The approach proposed in this study considers only the variation of the initial concentration of uranyl (see Table 1 ), i.e. in the experiments the temperature, the solid-particles/volume of solution ratio and pH of solution were fixed (see materials and methods section).
Concerning the variation of initial concentration of uranyl ion C 0 , the initial rate of the uranyl removal can be then represented as a function of initial concentration of uranyl ion (v 0 = f(C 0 )). This function may be fitted assuming one site saturation model, two sites saturation model or multi-sites saturation model. For this study, a one-site saturation model was considered because this has a well correlation with experimental data; the differential form of equation can be written as follows:
where k v0 is a complex kinetic constant of uranyl removal [g min L/µmol 2 ], v 0,max is the maximal rate of uranyl removal [µmol/g min], v 0 is the initial rate of uranyl removal [µmol/g min], and C 0 is the initial concentration of uranyl [µmol/L].
The integrated form of equation (5) for the boundary conditions C 0 = 0 to C 0 = C 0 and v 0 = 0
to v 0 = v 0 , can be written as follows:
where k v0 v 0,max = K can be interpreted as the initial uranyl-removal coefficient [L/µmol].
Then, the equation (6) can be rearranged to obtain:
This model is equivalent to the Langmuir-Hinshelwood equation sometimes published in the literature; see for example [30, 31] .
The fitting of data v 0 vs. C 0 by using the Equation (7) allows the estimation of v 0,max and K.
For this case, a nonlinear regression by least squares method was performed with SigmaPlot software (see Figure 4 ). This Figure The maximal rate of uranyl removal v 0,max estimated by equation (7) and now given in [mol/g s], allows the calculation of a mass transfer coefficient D transfer [m 2 /s] using the relation:
where N is the Avogadro number (6.0221353x10 23 With a mean value of 2.4 Å and 5 equatorial O eq , the cross-section area would be equal to 1.36.10 -19 m². A maximum value of this area can be calculated by assuming a surface equal to a disc with a radius of 2.4 Å ( a max = 1.8.10 -19 m²). As expected, the value calculated by Equation 8 (2.64x10 -3 m 2 /s) shows that the mass transfer in a dispersed reactor is very high compared with mass transfer (effective diffusion coefficient) in a porous medium; for example, a ferromanganese crusts medium (≅1x10 -10 m 2 /s) [33] . The integrated form of equation (9) for the boundary conditions C e = 0 to C e = C e and q e = 0
to q e = q e , can be written as follows: 
The fitting of data q e vs C e by using the equation (11) allows the estimation of q e,max and K L .
For this case, a nonlinear regression by least squares method was performed with SigmaPlot software (see Fig. 5 ).
Consequently, the equilibrium uranyl-removal coefficient K L (0.96 L/µmol) can be used to calculate a dimensionless constant separation factor or equilibrium parameter K s , which is considered as a more reliable indicator of ion removal process (in fixed-bed or batch systems) [35] . This parameter is defined by the following relationship:
where K s is a dimensionless separation factor, C 0 is initial concentration of uranyl ions [µmol/L] and K L is the equilibrium uranyl-removal coefficient [L/µmol]. For favourable removal process, 0<K s <1; while K s >1 represents unfavourable removal process, and K s =1 indicates linear removal process. If K s =0 the removal process is irreversible. For the concentration range considered in this study, the removal process of uranyl ions is favourable (see Fig. 6 ).
The maximal removed quantity of uranyl ions at equilibrium q e,max estimated by equation (11), equal to 0.86 µmol/g, can be assumed to correspond to the saturation of some high affinity sites. Previous studies have established that sorption on birnessite consists of ion exchange at interlayer sites and pH-dependent sorption at specific sites usually corresponding to the vacancies on the MnO 6 sheet [4-6, 20, 21] . Alkali and alkaline earth metal ions with large ionic radii are located in interlayer sites, whereas metal ions seem more likely connected to vacancy sites. The high rate of uranyl sorption on the birnessite observed in this study (significantly higher than the rate of Na desorption from interlayer sites measured during the equilibration period for instance), and the strong geometrical constraint due to the size and shape of the uranyl moiety both assert against the diffusion of uranyl inside the interlayer of the mineral. Instead, sorption at the crystallite edge sites can be inferred. The saturation of uranyl high affinity sites would then correspond to a density of edge sites equal to 0.047 sites/nm², taken into account the specific surface area of 11 m²/g measured for the solid phase. 
Conclusion
The experimental-theoretical approach presented in this study allowed the description and estimation of kinetic and thermodynamic parameters on the removal of uranyl ion (UO 2 ) 2+ from aqueous solutions onto synthetic manganese oxide by using the kinetic studies with dispersed batch-reactors, i.e. the removed quantity of uranyl ion as a function of time at different initial concentrations.
These basic parameters will allow the optimization for an ion-removal process for dispersed batch-reactors "at a laboratory scale", and then they will also facility the extrapolation of an ion-removal process for dispersed flux-continuous-reactors "at a pilot scale".
Finally, pseudo-second-order kinetics and one site saturation models allowed a mechanistic analysis on the uranyl removal process in dispersed batch-reactors.
[ Figure 6 . Separation factor behaviour as a function of initial concentration of uranyl ion.
